Key Points for Decision Makers {#FPar1}
==============================

A monotherapy strategy using lopinavir/ritonavir, with prompt re-initiation of combination antiretroviral therapy (cART) in the event of viral load rebound, appears to be cost-effective when compared with cART using efavirenz/emtricitabine/tenofovir in HIV-1-infected patients with viral suppression in France.Monotherapy was estimated to save − €3296 (95% confidence interval \[CI\] − 5202 to − 1391) per patient over 2 years when considering antiretroviral drug prices over the study period (2009--2013) and − €1456 (95% CI -- 3300 to 388) when considering antiretroviral drug prices in 2018, whereas health benefits were not significantly different between the two strategies in terms of quality-adjusted life-years.The current monthly price of cART would have to decrease by 34% (from €573.3 to − 378.4) to become the preferred strategy with a probability of 95%.As the cost-effectiveness of monotherapy versus cART is highly dependent on antiretroviral drug prices, it is essential to provide information for policy making on the economic value of this strategy for a large range of price combinations of both treatments using cost-effectiveness price-threshold analysis.

Introduction {#Sec1}
============

The current standard of care for the treatment of people living with HIV (PLWHIV) is combination antiretroviral therapy (cART), which includes two nucleoside reverse transcriptase inhibitors (NRTIs) and a third drug (either a ritonavir-boosted protease inhibitor \[PI/r\], a non-nucleoside reverse transcriptase inhibitor \[NNRTI\] or an integrase inhibitor) \[[@CR1], [@CR2]\]. Since the introduction of cART in the mid-1990s, the survival and quality of life of PLWHIV have increased substantially and HIV infection has become a chronic manageable infection \[[@CR3]\]. As a consequence of the longer life expectancy and a greater number of PLWHIV benefiting from antiretroviral therapy (ART), public healthcare expenditures dedicated to treating HIV infection have increased significantly over the past two decades \[[@CR4], [@CR5]\].

The yearly cost of HIV care per patient in France was estimated at €14,821 in 2010 in a systematic review \[[@CR6]\]. This represents a global financial burden on the national healthcare system of more than €1.1 billion per year. Approximately 70% of this cost is related to antiretroviral drugs (ARVs). In addition, over the last 10 years, the average yearly cost of HIV drugs has increased significantly because of the higher prices of new drugs with better tolerability and genetic barriers to resistance \[[@CR7]\]. This trend is expected to continue because of national and international guidelines that recommend initiating ART irrespective of CD4 count \[[@CR1], [@CR2]\].

In this context, treatment strategies that optimise the use of ART with potential benefits in terms of lower toxicity for patients and cost savings for health systems are of particular interest. To limit exposure to ARV and potential toxicity, several alternatives to cART-based standard care have been evaluated, including PI/r monotherapy \[[@CR8], [@CR9]\]. A recent meta-analysis showed that PI/r monotherapy had a higher risk of viral load (VL) elevation than cART but that VL suppression rates after treatment intensification using NRTIs were similar for both treatments, with no increased risk of treatment-emergent drug resistance \[[@CR10]\].

The ANRS 140 DREAM trial was conducted in France to compare the effectiveness of PI/r monotherapy using lopinavir/ritonavir (LPV/r) with fixed-dose cART comprising two NRTIs and one NNRTI (efavirenz/emtricitabine/tenofovir \[EFV/FTC/TDF\]) in patients with HIV-1 who were virally suppressed \[[@CR11]\]. LPV/r was chosen because of its good tolerance profile and high genetic barriers, and EFV/FTC/TDF was chosen because the two NRTIs have favourable tolerance profiles and are combined with EFV in a single pill \[[@CR12]--[@CR14]\]. Using the proportion of patients without treatment failure at week 96 as a primary endpoint (with failure defined as a VL ≥ 50 copies/mL, treatment discontinuation including re-intensification in the LPV/r arm, or a new AIDS-defining illness or death), the trial failed to demonstrated the non-inferiority of PI/r monotherapy (difference between arms − 6.8%; 95% confidence interval \[CI\] − 19.9 to 6.2) \[[@CR11]\]. When re-intensification in the LPV/r arm was not considered to represent failure, the proportions of participants without treatment failure were similar in the two arms (difference between arms − 0.7%; 95% CI − 13.5 to 12.0). Tolerability was good, with stable neurocognitive functions from week 0 to 96 in both arms and a similar proportion of patients with drug-related grade 3 or 4 clinical events in both arms (5% in each arm). In addition, emergent resistance was low in both arms, with no reduced opportunity to benefit from future PI-treatment options if needed, including darunavir-based options.

Although PI/r monotherapy also potentially reduces ARV costs \[[@CR15], [@CR16]\], the literature on its economic value is scarce. Two previous studies investigating the costs of PI/r monotherapy compared with those of cART in the UK found significant cost savings, estimated at €3382--4561 per year \[[@CR15], [@CR17]\]. However, only one previous study assessed the cost-effectiveness of PI/r monotherapy versus cART \[[@CR16]\]. It was conducted using the UK's PIVOT trial where HIV-positive adults with suppressed VL were randomised either to cART or to PI/r-based monotherapy with prompt return to combination therapy upon VL rebound. The authors of that study concluded that PI/r monotherapy was an acceptable and cost-effective alternative for long-term management of HIV infection.

Despite being considered in national guidelines as a simplified treatment option under certain conditions \[[@CR18]\], the economic value of PI/r monotherapy in the French context had not been previously investigated. The availability of the ANRS 140 DREAM trial data provided us the opportunity to do so. More specifically, this study aimed to evaluate the cost-effectiveness of LPV/r monotherapy with treatment intensification in case of VL rebound versus cART with EFV/FTC/TDF using individual data from the ANRS 140 DREAM trial. In addition, as the cost-effectiveness of monotherapy is heavily dependent on the evolution of ARV prices, we used an original method---the cost-effectiveness price-threshold (CEPT) analysis---to provide additional information on the strategy that would have the best economic value for a large range of ARV price combinations.

Methods {#Sec2}
=======

Trial Design and Study Population {#Sec3}
---------------------------------

ANRS 140 DREAM was a multicentre, phase II/III, non-inferiority, randomised controlled trial conducted between November 2009 and July 2013 in 36 French hospitals. Its design and results are described in detail elsewhere \[[@CR14]\]. Briefly, the trial enrolled 197 HIV-positive adults receiving ART over the previous 6 months with an undetectable VL (\< 50 copies/mL) for at least 12 months, and who had CD4 count \> 200/mm^3^ and nadir \> 100/mm^3^ at screening without prior documented virological failure or mutation conferring resistance to ART. Participants were randomised (1:1) to receive either a co-formulation (one pill a day) of EFV/FTC/TDF (cART arm) or PI/r monotherapy using LPV (monotherapy arm) over a period of 98 weeks, with treatment intensification using FTC and TDF in case of VL failure (i.e. two successive VL ≥ 400 copies/mL within a 2-week interval). Clinical examinations and laboratory tests were performed at screening (week \[W\] − 4), baseline (W0), W4 and every 12 weeks until W98. The base-case analysis was conducted using a modified intention-to-treat analysis, which included 189 participants (95 in the monotherapy arm and 94 in the cART arm) who received at least one dose of the assigned treatment, and excluded two patients with major protocol violations. The median age of patients was 44 years (interquartile range \[IQR\] 38.9--52.9), 71.4% were male, and median follow-up duration was 1.89 years (IQR 1.88--1.92). Retention rates were high: only 9% withdrew during the trial or were lost to follow-up.

Outcomes Measures {#Sec4}
-----------------

Outcomes considered in the analysis included costs assessed from the perspective of the French National Health Insurance (NHI) and quality-adjusted life-years (QALYs), which is the preferred outcome measure in economic evaluation as it captures treatment effects on both life expectancy and health-related quality of life (HRQoL) \[[@CR19]\]. The time horizon of the analysis was 2 years, corresponding to the trial duration. Costs and QALYs were discounted at an annual rate of 4%, as recommended by the French National Health Authority (HAS) \[[@CR20]\].

Costs were measured for the complete study period, i.e. from enrolment to the last visit observed during that period. We considered the following cost items: inpatient care, ARV, concomitant drugs, laboratory tests, outpatient consultations (including non-routine visits, e.g. for accident and emergency events) and work stoppage. Total costs were estimated for each strategy as the sum of all individual healthcare resources used by participants multiplied by the unit cost of these resources (except for the costs of work stoppage, assessed as number of days on sick leave multiplied by the daily compensation paid by the French NHI). Data on healthcare resources consumed by participants over the study period (2009--2013) were obtained through standardised case report forms. Respective unit costs for each resource over that period were obtained from routinely published national sources (Appendix 1 in the Electronic Supplementary Material): the French NHI database of drugs \[[@CR21]\], the national reference costs for medical procedures \[[@CR22]\], the national reference costs for biological and non-biological procedures \[[@CR23]\], the French technical agency for information on hospitalisation and the National Institute of Statistics and Economics Studies. All costs were converted to €, year 2010 values, using the French consumer price index \[[@CR24]\]. In the base-case analysis, the monthly prices of EFV/FTC/TDF and LPV/r were €742.83 and €476.54, respectively. For each resource category, we calculated the mean healthcare use, the mean related costs and the mean cost per patient for each strategy.

For each strategy, we also estimated total QALYs gained and QALYs gained per patient over the 2-year study period. Total QALYs gained per arm were calculated as the sum of QALYs gained by each participant, assessed as the time spent in a specific health state weighted by the utility score corresponding to that health state. Participants' HRQoL was measured at baseline and over follow-up using the most recent version of the Medical Outcomes Study 12-item Short-Form survey (SF-12, second version) \[[@CR25]\]. Participants who completed this questionnaire were uniquely classified according to the six-dimensional health state short form (SF-6D), which describes 18,000 health states. We used the set of preference weights associated with each SF-6D health state developed by the University of Sheffield \[[@CR26]\]. These preference weights (or utility scores) were obtained from a sample of the general population using the recognised standard gamble valuation technique and allowed us to obtain QALYs from the SF-12 for use in cost-utility analysis.

Analysis {#Sec5}
--------

The methods employed to conduct the economic analysis are consistent with those recommended by the HAS \[[@CR20]\] and follow international standards for economic evaluation alongside randomised controlled trials \[[@CR27], [@CR28]\]. In particular, we decided to conduct a cost-effectiveness analysis, as, in the field of economic evaluation, our interest lies in assessing the joint distribution of costs and effects to estimate the incremental cost-effectiveness ratio (ICER) and in representing uncertainty surrounding that estimate \[[@CR29]\]. This approach is also appropriate in situations where costs and/or health benefits are not significantly different between the two strategies assessed.

We compared adjusted incremental mean costs and QALYs between the two strategies and their respective 95% CIs. Results were represented in the incremental cost-effectiveness plane (CEP). Accordingly, if the point estimate of incremental cost and effect fell in the south-east quadrant, monotherapy would be considered dominant because it would be less costly and more effective than cART \[[@CR29]\]. If it fell in the north-west quadrant, it would be considered dominated (as it would be more costly and less effective). In the north-east and south-west quadrants, a trade-off between costs and effects must be considered. In both situations, an ICER would be computed as the incremental mean cost divided by the incremental health benefit and compared with the value of *λ*, the latter corresponding to the maximum amount the decision maker is willing to pay for 1 unit of health (i.e. the cost-effectiveness threshold). In the north-east quadrant (corresponding to both higher incremental costs and health benefits), monotherapy is considered cost-effective when its ICER is lower than *λ*, while in the south-west quadrant (corresponding to both lower incremental costs and health benefits), monotherapy is considered cost-effective when its ICER is higher than *λ* (in the latter case, the ICER indicates the savings gained per 1 unit loss of health and accordingly, strategies with higher ICERs are preferable to those with lower ICERs). As the French HAS does not recommend any specific cost-effectiveness threshold, we considered a threshold of one times the French per capita gross domestic product (GDP) in 2013 (i.e. €32,000), as recommended by the World Health Organisation \[[@CR30]\]. We used the cost-effectiveness acceptability curve (CEAC) to vary *λ* from 0 to €200,000/QALY \[[@CR31]\].

Generalised linear models were used to obtain an estimation of the costs and QALYs adjusted for the treatment effect. In addition, the models were adjusted for sex, age, CD4 count, HIV RNA level and utilities at baseline (age squared was also included in the estimation of QALYs).

For both cost and QALY estimations, we performed a modified Park test on the raw-scale residuals to select the appropriate variance structure \[[@CR32]\].

Uncertainty in cost-effectiveness was addressed in a probabilistic sensitivity analysis (PSA), based on Monte Carlo simulations and considering the correlation between costs and outcomes variables. More specifically, we performed a Cholesky decomposition on the variance--covariance matrix extracted from the cost and QALY regressions. This enabled us to define a multivariate normal distribution that we used to estimate incremental costs and QALYs from 1000 simulations \[[@CR33]\]. These simulated pairs of incremental costs and QALYs were represented in the CEP. Based on the simulations, we calculated the 95% CI for both incremental costs and QALYs as well as the probability of PI/r monotherapy being cost-effective at different thresholds. This probability is simply the proportion of the incremental cost-effect pairs that fall below the cost-effectiveness threshold represented in the CEP by the line with slope *λ* drawn through the origin \[[@CR34]\]. The CEAC plots these probabilities on the *y*-axis versus *λ* on the *x*-axis.

Furthermore, we addressed other types of uncertainty by conducting four scenario analyses. The first two scenarios were performed considering a discount rate of 0% and 6%, respectively. The third excluded the costs of work stoppage, and the fourth considered the most recent prices (year 2018) for EFV/FTC/TDF and LPV/r (i.e. €573.28 and €418.00 per month in constant year 2010 values, respectively) \[[@CR21]\].

Finally, for a range of price combinations of EFV/FTC/TDF and LPV/r, we calculated the price thresholds that made cART or monotherapy cost-effective (probability of 95%). We also computed the price thresholds at which both strategies were equally cost-effective: P(MT:CE) = P(cART:CE) = 0.50, where MT is monotherapy and CE is cost-effective. This CEPT analysis was performed iteratively and considered a cost-effectiveness threshold of 1 times the French per capita GDP in 2013 (€32,000/QALY).

All statistical analyses were conducted using Stata version 14.2 (StataCorp, College Station, TX, USA).

Results {#Sec6}
=======

Resource Use, Costs and Quality-Adjusted Life-Years {#Sec7}
---------------------------------------------------

Table [1](#Tab1){ref-type="table"} describes healthcare use and corresponding unadjusted mean costs per patient accrued over the 2 years of follow-up. At W98, 63.2% of patients in the PI/r monotherapy arm were still receiving monotherapy, and 9.5% needed treatment intensification and were switched to cART. Resource use was broadly similar across both arms, except for ARV. The mean total cost per patient was €21,133.5 ± standard deviation (SD) 6389.8 and €17,886.0 ± 7130.6, respectively, for the cART and monotherapy strategies, i.e. monotherapy cost 18.2% less than cART. In both arms, ARV was the main cost item (77.9% \[cART\] and 70.9% \[monotherapy\] of the total costs). However, this cost item was significantly lower in the monotherapy strategy (€12,680.2 ± 5143.0 vs. €16,472.6 ± 4734.0; *p* \< 0.001). The second largest cost item was biological tests, which represented 11.4% and 13.3% of the total costs in the cART and monotherapy strategies, respectively. This cost item was similar in both strategies (€2410.3 ± 463.1 vs. €2380.1 ± 433.5; *p* = 0.31). Other cost items represented \< 10% of the total costs in the two strategies and were broadly similar for both.Table 1Healthcare use, unadjusted costs (€, year 2010 values) and quality-adjusted life-years accrued over 2 years in the study population (ANRS 140 DREAM trial, *n* = 189)VariablescART (*n* = 94)MT (*n* = 95)*p* value^a^Inpatient care Number of inpatient admissions0.1 ± 0.40.2 ± 0.50.26 Cost per patient499.3 ± 1475.3757.9 ± 1967.60.47Doctors' outpatient consultations Number of consultations10.1 ± 1.910.0 ± 1.90.21 Cost per patient251.7 ± 46.8248.7 ± 45.40.62Biological tests Number of all laboratory tests286.3 ± 56.0282.5 ± 52.40.12 Cost per patient2410.3 ± 463.12380.1 ± 433.50.31Antiretroviral drugs Number of days on LPV/r21.4 ± 95.9615.4 ± 280.1\< 0.001 Number of days on EFV/FTC/TDF582.8 ± 253.341.6 ± 147.6\< 0.001 Cost per patient16,472.6 ± 4734.012,680.2 ± 5143.0\< 0.001Drugs for opportunistic infections Number of drugs12.8 ± 13.112.8 ± 13.90.48 Cost per patient1025.0 ± 1809.41532.6 ± 3206.50.38Work stoppages Number of days9.0 ± 27.26.7 ± 25.20.35 Cost per patient474.6 ± 1822.3286.5 ± 1288.80.69Total cost Cost per patient21,133.5 ± 6389.817,886.0 ± 7130.6\< 0.001Total direct medical cost^b^ Cost per patient20,658.9 ± 6036.117,599.5 ± 6898.1\< 0.001QALYs QALYs per patient1.4163 ± 0.211.4275 ± 0.210.75Data are presented as mean ± standard deviation unless otherwise indicated*cART* combination antiretroviral therapy, *EFV/FTC/TDF* efavirenz/emtricitabine/tenofovir, *LPV/r* lopinavir/ritonavir, *MT* monotherapy, *QALY* quality-adjusted life-years^a^Chi squared test for categorical variables; Wilcoxon rank-sum test for continuous variables^b^Total direct medical costs correspond to all costs excluding costs related to work stoppage

Unadjusted mean ± SD QALYs per patient were 1.4163 ± 0.21 in the cART group and 1.4275 ± 0.21 in the monotherapy group (i.e. a positive but non-significant difference of 0.011 QALYs in favour of monotherapy; *p* = 0.75).

Base-Case Cost-Effectiveness {#Sec8}
----------------------------

Cost-effectiveness results are presented in Table [2](#Tab2){ref-type="table"}. In the base-case analysis where outcomes were adjusted for baseline individual covariates, the incremental total mean cost per patient in the monotherapy strategy (vs. cART) was − €3296 (95% CI − 5202 to − 1391) over a 2-year period, while incremental QALYs per patient were 0.006 (95% CI − 0.021 to 0.033).Table 2Multivariate-adjusted costs (€, year 2010 values) and quality-adjusted life-years for combination antiretroviral therapy and monotherapy (ANRS 140 DREAM trial, *n* = 189)VariablecART (*n* = 94)MT (*n* = 95)Difference and prob (MT:CE)**Base-case analysis** Multivariate-adjusted results Total costs per patient21,158 (18,547--23,769)17,862 (15,251--20,473)− 3296 (− 5202 to − 1391) QALYs per patient1.419 (1.049--1.789)1.425 (1.055--1.795)0.006 (− 0.021 to 0.033) ICER (∆costs/∆QALYs)Prob(MT:CE) = 100%**Alternative scenarios** With a discount rate of 0%  Total costs per patient21,901 (19,192--24,610)18,467 (15,759--21,176)− 3434 (− 5400 to − 1467)  QALYs per patient1.419 (1.049--1.789)1.425 (1.055--1.795)0.006 (− 0.021 to 0.033)  ICER (∆costs/∆QALYs)Prob(MT:CE) = 100% With a discount rate of 6%  Total costs per patient20,813 (18,247--23,379)17,58 (15,014--20,146)− 3233 (− 5112 to − 1354)  QALYs per patient1.419 (1.049--1.789)1.425 (1.055--1.795)0.006 (− 0.021 to 0.033)  ICER (∆costs/∆QALYs)Prob(MT:CE) = 100% Without costs of work stoppage  Total costs per patient20,709 (17,922--23,496)17,55 (14,763--20,337)− 3160 (− 4952 to − 1367)  QALYs per patient1.419 (1.049--1.789)1.425 (1.055--1.795)0.006 (− 0.021 to 0.033)  ICER (∆costs/∆QALYs)Prob(MT:CE) = 100% With 2018 ARV prices  Total costs per patient17,952 (15,306--20,598)16,496 (13,850--19,142)− 1456 (− 3300 to 388)  QALYs per patient1.419 (1.049--1.789)1.425 (1.055--1.795)0.006 (− 0.021 to 0.033)  ICER (∆costs/∆QALYs)Prob(MT:CE) = 94%Data are presented as mean (95% confidence interval)Covariates for the multivariate-adjusted models were sex, age, CD4 count, HIV RNA level and baseline utilities ('age squared' is also included in the QALY estimation)*∆* difference, *ARV* antiretroviral drug, *cART* combination antiretroviral therapy, *CE* cost-effective, *GDP* gross domestic product, *ICER* incremental cost-effectiveness ratio, *MT* monotherapy, *Prob* (*MT:CE*) probability of MT being cost-effective at 1 times the French per capita GDP, *QALY* quality-adjusted life-year

The 1000 joint estimations of costs and effects obtained in the PSA are represented in the CEP (Fig. [1](#Fig1){ref-type="fig"}a), with the cost-effectiveness thresholds of one and three times the 2013 French per capita GDP (i.e. €32,000/QALY and €96,000/QALY). Incremental cost-effect pairs were all located in the south-east quadrant (i.e. less costly and more effective) and in the south-west quadrant (i.e. less costly and less effective). Figure [1](#Fig1){ref-type="fig"}a shows that all incremental cost-effect pairs were located on the cost-effective side of the cost-effectiveness threshold of 1 times the French per capita GDP (represented by the red dashed line), corresponding to a 100% probability of monotherapy being cost-effective. When the cost-effectiveness threshold increased to 3 times the French per capita GDP, i.e. €96,000/QALY (represented by the red dashed-dotted line), a few of the incremental cost-effect pairs are located above the cost-effectiveness threshold, corresponding to a 97.5% probability of monotherapy being cost-effective. As illustrated by the CEAC, the probability of monotherapy being cost-effective was ≥ 95% for a large range of cost-effectiveness thresholds (€0--190,000/QALY) (Fig. [1](#Fig1){ref-type="fig"}b).Fig. 1**a** Scatter plot of estimated joint density of incremental costs and incremental effects of MT versus cART obtained by Monte Carlo simulation in the ANRS 140 DREAM trial and **b** corresponding cost-effectiveness acceptability curve. The dashed line indicates the cost-effectiveness threshold of 1 times the French GDP/capita in 2013 (€32,000/QALY), whereas the dashed-dotted line indicates the cost-effectiveness threshold of 3 times the French GDP/capita in 2013 (€96,000/QALY). The light grey diamond represents the base-case estimate in the cost-effectiveness plane: ∆cost = − €3296 and ∆QALYs = 0.006. The cost-effectiveness acceptability curve shows the probability that MT is cost-effective compared with cART over a range of values for the cost-effectiveness threshold (i.e. the maximum amount the decision maker is willing to pay for 1 unit of health). ∆ difference, *cART* combination antiretroviral therapy, *GDP* gross domestic product, *MT* monotherapy, *QALY* quality-adjusted life-years

Results of the Analysis of Different Scenarios {#Sec9}
----------------------------------------------

The analysis of different scenarios showed robust results, but, as expected, these were very sensitive to the cost of ARV. Decreasing (or increasing) the discount rate to 0% (6%) had little impact on incremental costs (range − €3434 to − 3233) and none on the incremental QALYs. Accordingly, the monotherapy strategy remained cost-effective: P(MT:CE) = 100%. When excluding the cost of work stoppage, cost savings obtained by monotherapy were slightly lower, yet the probability of monotherapy being cost-effective remained 100%. When using 2018 ARV prices, incremental costs dropped to − €1456 (95% CI -- 3300 to 388), resulting in a lower probability of monotherapy being cost-effective (94 vs. 100% in the base-case scenario).

Cost-Effectiveness Price Thresholds {#Sec10}
-----------------------------------

Figure [2](#Fig2){ref-type="fig"} displays the results of the CEPT analysis, indicating, for any price combination of EFV/FTC/TDF and LPV/r, which strategy would be preferred based on its probability of being cost-effective at a threshold of 1 times the French per capita GDP in 2013. The solid circle line represents the price combinations for which both strategies have the same probability of being cost-effective: P(MT:CE) = P(cART:CE) = 0.50. The probability of being cost-effective at 95% is represented by the price combinations of the solid triangle line for cART and of the hollow circle line for monotherapy. The area between these two latter lines corresponds to a zone of relative uncertainty, where---for all price combinations---the probability of being cost-effective is \< 95% for both strategies.Fig. 2Cost-effective price thresholds for EFV/FTC/TDF and LPV/r that make combination antiretroviral therapy and monotherapy cost-effective with a probability of 95% and 50%. *cART* combination antiretroviral therapy, *GDP* gross domestic product, *LPV/r* lopinavir/ritonavir, *MT* monotherapy, *Prob* (*cART:CE*) probability of cART being cost-effective at 1 times the French per capita GDP, *Prob* (*MT:CE*) probability of MT being cost-effective at 1 times the French per capita GDP

The price combinations of EFV/FTC/TDF and LPV/r used in the base-case analysis (€742.83 and €476.54 per month, respectively) and in the scenario with year 2018 prices (€573.28 and €418.00 in year 2010 values, respectively) are also displayed in Fig. [2](#Fig2){ref-type="fig"}. Although the price combination of the base-case analysis is located in the area where the monotherapy strategy is dominant \[Prob(MT:CE) = 1\], we see that the 2018 price combination is located slightly above the price thresholds that make monotherapy cost-effective with a 95% probability. Monotherapy is nevertheless cost-effective at 94%. We also evaluated the prices of EFV/FTC/TDF that would make cART cost-effective at 50% and 95% while keeping the price of LPV/r at its 2018 level (€418.00 per month). A 17% price reduction in EFV/FTC/TDF costs (from €573.28 to 475.82) would make cART as cost-effective as the monotherapy: P(MT:CE) = P(cART:CE) = 0.50. For the cART to be cost-effective at 95%, its price would have to decrease by 34% (from €573.28 to 378.37).

Discussion {#Sec11}
==========

Our findings showed that, in the base-case analysis and in most scenarios, monotherapy was cost-effective compared with cART based on EFV/FTC/TDF with a probability ≥ 95% for a large range of cost-effectiveness thresholds (€0--190,000/QALY). For ARV prices observed during the study period (i.e. €742.83 for EFV/FTC/TDF and €476.54 for LPV/r), monotherapy was estimated to save − €3296 (95% CI − 5202 to − 1391) per patient over 2 years, and health benefits were not significantly different in terms of QALYs within the economic analysis. However, when considering an alternative scenario of ARV prices in 2018, the cost difference between the two strategies dropped to − €1456 (95% CI -- 3300 to 388), resulting in a slightly lower probability of monotherapy being cost-effective (94% vs. 100% in the base-case scenario). Cost savings were driven by monotherapy-related lower costs, as fewer ARVs are used, while other cost items were quite similar in both arms. The probability of monotherapy being cost-effective is therefore heavily dependent on the evolution of ARV prices. Over the previous 5 years, while LPV/r prices have remained quite stable, the price of EFV/FTC/TDF has decreased by approximately 22% because the patent has expired and generic drugs have been developed. This situation explains the lower cost savings for monotherapy when considering 2018 ARV prices.

Monotherapy provides quite similar health outcomes to cART in the short term, as VL rebound is followed by prompt return to cART. The clinical trial results also showed that the risk of developing resistance in the monotherapy group was no higher than that in the cART group, suggesting that monotherapy did not compromise long-term treatment effectiveness in patients with VL rebound \[[@CR14]\]. Other clinical studies have also reported this finding, which is essential for future therapeutic success \[[@CR8]\]. However, in a pooled-analysis of the data of three trials, including DREAM, the proportion of patients with ultrasensitive VL (USVL; \< 1 copy/mL) or persistent residual viremia (RV) was significantly lower with PI/r monotherapy than with cART (65% vs. 74%; *p* = 0.04) \[[@CR35]\]. Although the long-term consequences of RV are unknown, they may include virological rebound, the emergence of resistance mutations, and the persistence of immune activation and inflammation. In addition, baseline USVL was a predictive factor for virological failure in patients receiving PI/r monotherapy treatment, suggesting it could be a good virological marker to identify strong candidates for monotherapy.

While the focus of introducing new health interventions is primarily to reap greater health benefits, interventions that are cost saving are relevant for policy making as their adoption may allow scarce resources to be released. Using a budget analysis on a French hospital-based cohort, Papot et al. \[[@CR36]\] estimated that 9% of the 4238 HIV-positive patients receiving cART in the hospital's HIV clinic would meet criteria for monotherapy and that switching those patients would reduce the overall cost of ART for the French NHI by 2.5% per year.

As the cost-effectiveness of monotherapy depends heavily upon ARV prices, our study also provides useful information for policy makers on the cost-effectiveness of monotherapy for a large range of ARV price combinations for both strategies. More specifically, we conducted a price-threshold analysis that identified, for all possible price combinations for both strategies, whether monotherapy or cART was preferred (using a probability of 95%) or whether they were equivalent in terms of cost-effectiveness. For example, we showed that, if the current price of EFV/FTC/TDF decreased by 17% (from €573.28 to 475.82 per month, in year 2010 values), the cART strategy would be as cost-effective as the monotherapy strategy (considering that the price of LPV/r remained unchanged), and if the price of EFV/FTC/TDF decreased by 34% (i.e. to €378.37 in year 2010 values), the cART strategy would become cost-effective with a 95% probability. This analysis may also be applied to cART or monotherapy strategies other than those assessed in this study (i.e. EFV/FTC/TDF vs. LPV/r) but with similar health benefits to inform policy on the best options to implement, given changes observed in ARV prices, and/or to help national health agencies negotiate drug prices with pharmaceutical firms.

Our findings are consistent with those from what is, to our knowledge, the only other study to date examining the cost-effectiveness of monotherapy \[[@CR16]\]. In that study, using data from the PIVOT trial conducted in the UK, the authors showed that PI/r monotherapy dominated cART, with significantly lower costs and similar health benefits. In their base-case analysis conducted over 3 years, monotherapy saved £6424.11 per patient (i.e. approximately €7300 per patient over 3 years compared with €3296 per patient over 2 years in our study) and provided 0.0051 (95% CI − 0.0479 to 0.0582) QALYs per patient over 3 years versus 0.006 (95% CI − 0.021 to 0.033) QALYs per patient over 2 years in our study.

Some limitations of the study should be recognised. First, the study period of 2 years is relatively short, so the cost-effectiveness of the monotherapy strategy may have been overestimated. Indeed, given that patients with VL rebound are switched to cART without loss of future PI/r options \[[@CR11]\], the two strategies are expected to have similar long-term health benefits. However, as outlined previously, we cannot completely exclude the risk of lower long-term health benefits due to long-term consequences of residual viral replication \[[@CR35]\]. On the other hand, as a consequence of switching to cART in case of VL rebound, cost savings related to the fewer ARVs used in monotherapy will be lower over the long term. Despite this shortcoming, Oddershede et al. \[[@CR16]\] showed that, when considering a long-term temporal horizon where all patients in the monotherapy group are assumed to return to cART, the cost-effectiveness of monotherapy is likely to be preserved. A second limitation relates to HRQoL assessment in trial participants, which relied on the SF-12 instrument, even though the EuroQoL-Five Dimensions (EQ-5D) scale is the most widely used to derive QALYs in economic evaluations \[[@CR29]\]. However, the SF-12 scale may be used as an alternative tool to compute QALYs, as any patient who completes this questionnaire can be uniquely classified according to the SF-6D. The latter instrument provides generic preference-based measures of health that have been adopted by agencies such as the UK National Institute for Health and Care Excellence \[[@CR26]\]. In addition, the SF-12 has been shown to discriminate HRQoL very well between groups of HIV-infected patients stratified according to disease severity \[[@CR37]\]. Third, our study was conducted in a trial setting, which may limit the generalisability of our results. However, relatively non-restrictive eligibility criteria were used to enrol trial participants from the population of HIV-positive patients receiving ART attending a large number of HIV clinics in France. Accordingly, they can be assumed to be representative of the country's entire population of PLWHIV in care. This would suggest therefore that the trial population likely reflects patients selected for monotherapy in real life. In addition, the impact of trial procedures on cost-effectiveness results is expected to be minor in our analysis for two main reasons. First, the trial's defined procedures were based on national and international guidelines and therefore were close to those of routine care practice (especially in terms of clinical visits, identification of treatment failure, resistance and routine examinations). Second, ARVs were the main drivers of cost differences between the two arms. The final limitation is intrinsic to the study design, which was restricted to the assessment of an LPV/r-based monotherapy compared with cART based on EFV/FTC/TDF. Other ARVs and/or treatment strategies merit analysis, particularly highly potent drugs such as darunavir, which would be a good candidate for monotherapy. A recent budget analysis conducted in the setting of a French HIV clinic showed that treatment-simplification strategies, including monotherapy and dual therapy as well as fixed-dose combinations such as rilpivirine/TDF/FTC, are the most attractive options in terms of cost, pill burden and toxicity, both in the short and the long term \[[@CR36]\]. In addition, as shown in the economic evaluation conducted in parallel with the PIVOT trial, PI/r monotherapy based on drugs other than LPV/r provide similar health benefits and are also likely to be cost-effective because of large cost savings on ARV \[[@CR16]\]. However, additional research is needed on more recent drugs to optimise the use of ART according to patient needs.

Although PI/r monotherapy is not widely recommended, it continues to be an alternative option for virologically suppressed HIV-infected subjects in France. Our economic study showed that monotherapy followed by treatment intensification in case of VL rebound could be a cost-effective option compared with cART in France. However, as long-term consequences of residual viral replication have not yet been determined, a case-by-case approach using USVL is required to identify strong candidates for a simplification strategy. Furthermore, given that ARV price evolution has important implications on the cost-effectiveness results, this study brings additional information on the strategy with the best economic value for a large range of ARV price combinations, thereby helping decision makers identify optimal treatment strategies and negotiate cost-effective ARV prices with pharmaceutical companies.
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